APOBEC3s proteins (A3s), a family of human cytidine deaminases, protect the host cell from endogenous retro-elements and exogenous viral infections by introducing hypermutations. However, the ability to mutate genomic DNA makes A3s a potential cancer source. Of the 7 human A3s, A3B has been implicated as an endogenous cause for multiple cancers. Despite overall similarity, A3s have distinct deamination activity with A3B among the least catalytically active. Over the past few years, several structures of apo as well as DNA-bound A3 proteins have been determined. These structures revealed the molecular determinants of nucleotide specificity and the importance of the loops around the active site in DNA binding. However, for A3B, the structural basis for regulation of deamination activity and the role of active site loops in coordinating DNA had remained unknown. In this study, using a combination of advanced molecular modelling followed by experimental mutational analysis and dynamics simulations, we investigated molecular mechanism of A3B regulating activity and DNA binding. We identified a unique auto-inhibited conformation of A3B that restricts access and binding of DNA to the active site, mainly due to the extra PLV residues in loop 1. We modelled DNA binding to fully native A3B and found that Arg211 in the arginine patch of loop1 is the gatekeeper while Arg212 stabilizes the bound DNA. This model also identified the critical residues for substrate specificity, especially at the -1 position. Our results reveal the structural basis for relatively lower catalytic activity of A3B and provide opportunities for rational design of inhibitors that specifically target A3B to benefit cancer therapeutics.
APOBEC3s proteins (A3s), a family of human cytidine deaminases, protect the host cell from endogenous retro-elements and exogenous viral infections by introducing hypermutations. However, the ability to mutate genomic DNA makes A3s a potential cancer source. Of the 7 human A3s, A3B has been implicated as an endogenous cause for multiple cancers. Despite overall similarity, A3s have distinct deamination activity with A3B among the least catalytically active. Over the past few years, several structures of apo as well as DNA-bound A3 proteins have been determined. These structures revealed the molecular determinants of nucleotide specificity and the importance of the loops around the active site in DNA binding. However, for A3B, the structural basis for regulation of deamination activity and the role of active site loops in coordinating DNA had remained unknown. In this study, using a combination of advanced molecular modelling followed by experimental mutational analysis and dynamics simulations, we investigated molecular mechanism of A3B regulating activity and DNA binding. We identified a unique auto-inhibited conformation of A3B that restricts access and binding of DNA to the active site, mainly due to the extra PLV residues in loop 1. We modelled DNA binding to fully native A3B and found that Arg211 in the arginine patch of loop1 is the gatekeeper while Arg212 stabilizes the bound DNA. This model also identified the critical residues for substrate specificity, especially at the -1 position. Our results reveal the structural basis for relatively lower catalytic activity of A3B and provide opportunities for rational design of inhibitors that specifically target A3B to benefit cancer therapeutics.
APOBEC3s (A3s) are a family of cytidine deaminases that catalyse a zinc-dependent cytidine to uridine reaction on single strand DNA (ssDNA) or single strand RNA (ssRNA) (1) (2) (3) (4) . The family comprises of seven members that have either one (A3A, A3C, A3H) or two (A3B, A3D, A3F, A3G) zinc-binding domain (5) . The two-domain A3s have a pseudo-catalytic N-terminal domain (NTD) and a catalytically active Cterminal domain (CTD). A3s play a key role in innate immunity by protecting the genome from exogenous and endogenous retro-elements through introducing G to A hypermutations (6-11). However, when overexpressed, their mutagenic activity can also cause modification of genomic DNA and thus promote tumorigenesis (12) (13) (14) .
A3B has been identified as a significant enzymatic source of mutagenesis in a variety of cancers (15) .
Endogenous A3B is involved in the restriction of retro-element LINE-1 (16) and HBV (17, 18) . However when overexpressed, A3B can mutate the host genome to trigger cancer phenotypes (12) . The upregulation of A3B in tumours is correlated with both dispersed and clustered high occurrence of cytidine mutations, TP53 (tumour protein 53) inactivation, and poor patient outcome in cancer treatment (12, (19) (20) (21) (22) . In addition, the genomic mutations preferentially occur at 5-TCA, 5-TCG, and 5-TCT trinucleotide motifs, which resemble the substrate preference of A3B in biochemical assays (19, 21) . Unlike other cancer sources, A3B executes an active mutational process, which means that a growing number of DNA mutations will be created. This will further benefit cancer evolution, for example, to help escape immune monitoring, outgrow, metastasize, and potentially acquire resistance to therapeutic treatments (23).
Hence, in addition to its non-essential nature (24), A3B represents a promising target for novel anticancer drug development.
Over the past several years, crystal and NMR structures of human A3s (A3A, A3C; CTDs of A3B, A3F, A3G) in the apo state have been determined by our group (25) (26) (27) (28) (29) (30) (31) and others (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . In general, A3
proteins are structurally highly similar despite their distinct deamination activities. Among all human A3s, A3B-CTD and A3A share the highest sequence identity (Figure 1 and Supplementary Figure S1A) ; however, A3A is about 15-fold more active compared to . The overall A3 structure consists of six alpha-helices and five beta-strands with the zinc-binding domain in the middle. Recently, our laboratory (46), along with two other groups, has determined the crystal structures of three A3-DNA complexes (A3A-DNA, chimeric A3B-DNA and rA3G-DNA) (45, 47) . When A3A binds to DNA, two major changes occur at the active site involving the side chain of Tyr132, which stacks against the DNA, and the gatekeeper His29, which locks the DNA in the active site. To facilitate crystallization of DNA-bound A3B, loop 1 of A3A was swapped into A3B to determine the structure. However, differences in loop 1 between the two A3s are mainly responsible for the difference in catalytic activity, as swapping loop 1 of A3B by that of A3A increases A3B activity by 10-fold (44). Loop 1 also exhibits the largest amino acid sequence difference between A3A and A3B (Figure 1) . Loop 1 is longer in A3B with three more residues 206 PLV 208 . In addition, the DNA gatekeeper residue His29 in A3A (46), is missing in A3B and is likely replaced by one of the arginines within the unique triple arginine patch 210 RRR 212 . However, the role of loop 1 in regulating A3B's catalytic activity and in coordinating DNA could not be determined by crystal structures.
To elucidate the molecular mechanism of how A3B structurally regulates its catalytic activity and DNA binding, we used a combination of molecular modelling with molecular dynamics simulations and experimental mutational analysis followed by fluorescence-anisotropy based DNA binding assays. We identified the key role of loop 1 in down-regulating A3B activity, and in binding DNA. A3B has an autoinhibited conformation that is unique among human A3s, resulting from differences in loop 1 length and sequence, which explains the relatively low catalytic activity of A3B. We also present a structural model of the A3B-DNA complex that elucidates the molecular mechanism and determinants of DNA binding to A3B. The model and mutational verification identified Arg211 as the gatekeeper for locking DNA into the active site, which is further stabilized by Arg212. Overall, our results shed light into the structural regulation of A3 activity and differences in loop 1 coordination around the bound DNA, which may potentially lead to discovering anti-cancer drugs to benefit cancer therapeutics.
MATERIAL AND METHODS

Molecular modelling
A3B-CTD wild type apo structure was modelled based on human A3B-CTD isoform A sequence and A3B-CTD crystal structure (PDB: 5CQH) through program Modeller 9.15 using basic modelling. All DNAbound structures were modelled based on both the apo crystal structure (PDB: 5CQH for A3B; PDB:
4XXO for A3A) and A3A-DNA co-crystal structure (PDB: 5KEG) through program Modeller 9.15 using advanced modelling. The DNA molecule of the bound models and A3A-DNA co-crystal structures were modified through program Coot to the oligo sequence (AATCGAA) that was used in the fluorescence anisotropy-based binding assay. The phosphate groups of 5' A base were removed to prevent strong electronegative environment. AACCGAA was modelled similarly to test the molecular mechanism of substrate preference at -1 position. All DNA-bound structure models were then energy minimized through Protein Preparation Wizard from Schrodinger using default settings.
Molecular dynamics simulations
All molecular dynamics simulations were performed using Desmond (48) from Schrodinger. The models were first optimized using Protein Preparation Wizard. The simulation systems were then built through
Desmond System Setup using OPLS3 force field (49). We used SPC solvation model and cubic boundary conditions with 12 Å buffer box size. The final system was neutral and had 0.15 M sodium chloride. A multi-stage MD simulation protocol was used, which was previously described (50). All the apo simulations were performed for a total of 1 μs. The DNA-bound structures were simulated as triplets to ensure reproducibility for 100 ns each.
Analysis of molecular dynamics simulations
The RMSD and RMSF of protein and DNA molecule as well as the protein-ligand contacts diagram were calculated using Simulation Interactions Diagram from Schrodinger. Hydrogen bonds occupancies over the trajectories were calculated using in-house modified Schrodinger trajectory analysis python scripts.
Hydrogen bonds were determined for pairs of eligible donor/acceptor atoms using criteria set by Schrodinger. For a pair of heavy atoms to form a hydrogen bond, the distance between donor-hydrogen and acceptor had to be less than 2.8 Angstrom, the angle between donor, hydrogen and acceptor had to be at most 120 degrees and the angle between hydrogen, acceptor and the next atom had to be at least 90 degrees. The residue vdW potential between A3B and DNA during the MD simulations was extracted from the simulation energies using Desmond. For both hydrogen bonds and vdW potential, errors were calculated using block averaging (51). The distance histograms display the distance between the CZ atom of Arg211 (28 in A3A) and the benzene ring centre of the side chain of Tyr315 (132 in A3A). CG, CA, CB and C of Tyr315 or Phe315 were used to determine the side chain dihedral angle. The time series of side chain conformations were generated with program VMD using 50 frames as time step (total 2000 frames).
Cloning and mutagenesis of inactive A3B constructs
Human A3B E255A gene was codon-optimized and synthesized by GenScript. This gene was then cloned into pGEX-6p-1 vector using BamHI and EcoRI restriction sites. The pGEX-6p-1 A3B E255A catalytically inactive over-expression construct was used for all experiments in this study. All the mutations were introduced using the Q5 site-directed mutagenesis kit (NEB), and the plasmids were sequenced to verify the mutation by Genewiz.
Protein expressions and purification
The pGEX-6p-1 A3B inactive mutant constructs were transformed into BL21 DE3 STAR E. coli strain for overexpression. Expression of GST-tagged A3B-CTD recombinant protein was performed at 17 °C for 22 hours in LB medium containing 0.5 mM IPTG and 100 μ g/mL ampicillin. Cells were then pelleted, resuspended in purification buffer (50 mM Tris HCl pH 7.4; 250 mM NaCl; 0.01% Tween 20 and 1 mM DTT) and lysed with the cell disruptor. The lysate was collected and the recombinant protein was separated using a GST column. The GST tag was cleaved by the PreSecission Protease on the column at room temperature overnight. The flowthrough was then collected and further purified through size-exclusion chromatography using a HiLoad 16/60 Superdex 75 column (GE Healthcare).
Fluorescence anisotropy-based DNA binding assay
Fluorescence anisotropy-based DNA binding assays were performed as described (28) with minor modifications. We used 5'-TAMRA labelled oligonucleotides as the binding substrate. The linear oligonuclotide sequences used were 5'-AAA-AAA-AAA-AAA-AAA-3' (polyA) and 5'-AAA-AAA-AAT-CGA-AAA-3' (polyA TCG). The hairpin sequences used were 5'-GCC-ATC-ATT-CGA-TGG-G-3' (DNA hairpin) and 5'-rGrCrC-rArUrC-rUrArU-rCrGrA-rUrGrG-3' (RNA hairpin 
RESULTS
Despite overall similarities, the length and sequence differences of loop 1 between A3B-CTD and A3A
are responsible for alterations in the active site and likely the differences in activity. The crystal structure of apo A3B-CTD reveals the active site to be in a closed conformation (42,52) compared to A3A (Figure   2A ). This conformation, which results from the stacking interactions between Arg211 of loop 1 and Tyr315 of loop 7, is not compatible for DNA binding. In A3A, the side chain of Arg28 in loop 1 points out of the active site and thus results in an open conformation, in contrast to the closed conformation of A3B. The gatekeeper residue is also altered from a histidine in A3A to one of the three potential arginines in A3B for coordinating DNA binding. To elucidate the mechanisms by which DNA binding occurs, we performed multiple molecular dynamics (MD) simulations of both apo and DNA-bound structures of wildtype and variants of A3B-CTD, and A3A as a reference ( Supplementary Table S1 ). These mechanisms were further validated by a series of experimental fluorescence anisotropy-based DNA binding assays of A3B variants ( Table 1) .
Structural mechanism of auto-inhibited conformation of apo A3B
The extra residues 206 PLV 208 in loop 1 of A3B form a unique hydrogen bond network with Arg311 and Asp205 ( Figure 2B) . Specifically, the backbone carbonyl oxygen of Pro206 makes a hydrogen bond with NH2 atom of Arg311; Val208 forms two backbone hydrogen bonds with the backbone of Asp205 and NH1 atom of Arg311. The backbone carbonyl oxygen of Asp205 also has a hydrogen bond with NH1 atom of Arg311. Arg311 is conserved among all A3 domains (Supplementary Figure S1A) ; however when we superimposed all the available active apo A3 structures (A3A, A3B-CTD, A3C, A3F-CTD and A3G-CTD), the sidechain of this conserved Arg was locked in a hydrogen bond network distinct from that in A3B. (Figure 2B and Supplementary Figure S1B ). This network involves primarily the backbone atoms of conserved Ser97, Ser99, Asn21 (Gln in A3C and His in A3F-CTD and A3G-CTD) and Asn23
(Lys in A3C, A3F-CTD and A3G-CTD). In A3A, the side chain of Ser97 forms an additional hydrogen bond with the conserved Arg. Instead in A3B, these residues form a similar hydrogen bond network with Arg210 in loop 1. The distinct conformation of Arg311 in A3B-CTD and hydrogen bonding with the 206 PLV 208 in loop 1 might contribute to the closed conformation of A3B-CTD as well as A3B's lower activity.
To investigate 206 PLV 208 's role in regulating activity, 1 µs MD simulations were performed on A3A and A3B-CTD as well a variant where the 206 PLV 208 sequence was deleted (A3B-CTD-ΔPLV). As neither the crystal structure of apo A3A nor A3B-CTD were completely of the wild type sequences (the apo A3A structure has an inactive mutation while apo A3B-CTD has a truncated loop 3 and four additional mutations to increase solubility), the wild type A3A and A3B-CTD structures were modelled.
From the MD simulation trajectories, we first examined the stability of the closed active site conformation (Figure 3) . In wild type A3B, the distance between the side chain of Arg211 in loop 1 and Tyr315 in loop 7 varied around 6 Å, which is within the range of stacking interactions that close the active site. The closed active site conformation in A3B was stable during the MD simulations, with the distance not increasing above 10 Å. In contrast, the equivalent residues in wild type A3A, Arg28 and Tyr132 had a We also monitored the side chain conformation of Tyr315, which is analogous to Tyr132 in A3A, during the MD simulations as an indicator for the compatibility to bind DNA (Figure 3B in A3B-CTD-ΔPLV and A3A may also account for the higher activity compared to wild type A3B.
Throughout the MD trajectory of wild type A3B, the 206 PLV 208 hydrogen bond network interacted with Tyr315, retaining the auto-inhibited conformation (Supplementary Figure S2A) . Specifically, the OH atom of Tyr315 interacted with both NH2 atom of Arg311 and backbone carbonyl oxygen of Pro206 through direct and water-mediated hydrogen bonds. As a result, the side chain of Tyr315 was locked in the DNA incompatible conformation (Figure 3B and C) . These hydrogen bonds were stable throughout the MD simulations (Supplementary Figure S2B) . To verify the role of this auto-inhibited conformation in down-regulating A3B's activity, the Y315F variant was modelled and subjected to the same 1 µs MD simulations. Phe315 in the Y315F variant lost the ability to interact with 206 PLV 208 hydrogen bond network, as the hydroxyl group was lost, and was released from the auto-inhibited conformation. The side chain dihedral angle ߯ 1 of Phe315 sampled the DNA compatible conformation with 49.2% frequency in MD simulations ( Figure 3B) . However, the stacking interaction between Arg211 and Phe315 was maintained during the MD simulations and thus the Y315F variant still kept the active site in the closed conformation ( Figure 3A and C) . Hence, disrupting the hydrogen bonding network between residue 315 and 206 PLV 208
shifted this residue to a DNA-compatible conformer but was not enough to open up the active site.
Both A3B-CTD and A3G-CTD have longer loop 1, which includes a proline residue, compared to A3A.
Considering its unique geometry and rigidity compared to other amino acids, this extra proline may help stabilize the conformation of a longer loop 1. To test this hypothesis, we modelled A3B P206G mutant and examined the root-mean-squared-fluctuations (RMSFs) of loop 1 as a measure of dynamics ( Figure   4 ). Despite the differences in activity, wild type A3B and A3A have similar levels of loop 1 dynamics with RMSF values varying around 4 Å, as well as wild type A3G-CTD (Supplementary Figure S3 ). The
RMSFs of loop 1 in A3B Y315F mutant and A3B-CTD-ΔPLV were also within 4 Å during the MD simulations, which suggests the importance and consistency of loop 1 dynamics in DNA binding. Loop 1 in A3B P206G variant, however, is highly dynamic with RMSFs varying from 1 up to 8 Å indicating that loop 1 bearing the P2016G mutation may not be able to stably coordinate DNA.
To validate our computational hypotheses, mutations were introduced into A3B and experimental fluorescence anisotropy-based DNA binding assays were performed ( Table 1) . The low binding affinity and catalytic activity of wild type A3B poses challenges in assessing changes in deamination rates and DNA binding. Nevertheless, we were able to show that the A3B inactive variant can bind to both linear (Kd ~ 5.4 µM) and hairpin DNA that has substrate sequence TCG in the stem loop (Kd ~2.0 µM). Y315F variant bound to DNA with similar levels as wild type, which is in agreement with our computational findings that Y315F maintained the closed active site conformation as in wild type. In contrast, the P206G variant lost the ability to bind both linear and hairpin DNA. Recent studies have shown that removing PLV from loop 1 in A3B increases the enzyme's activity, (48) which is in agreement with the more open active site conformation that we observed for A3B-CTD-ΔPLV. Thus, the closed active site conformation observed in modelling and simulations were in complete agreement with experimental binding and catalytic activity. Together these findings strongly suggest that the extra PLV residues in loop 1 is the key for restricting and regulating A3B's deamination activity, with the proline stabilizing the conformation of the longer loop 1 for DNA binding.
Molecular mechanism of A3B-DNA recognition
The role of loop 1 and molecular mechanism of DNA binding had remained unknown for A3B, as recently determined A3B-CTD DNA co-crystal structure is a chimera with the crucial loop 1 swapped from A3A.
Here we resorted to careful molecular modelling using available crystal structures to answer for A3B: 1.
How does DNA bind to A3B? 2. Which residue is the gatekeeper for latching DNA in the active site? 3.
How does A3B define its substrate specificity for thymidine over cytidine at -1 position? To address these questions, we modelled fully wild type A3B-CTD bound to substrate DNA containing a TCG trinucleotide motif based on the crystal structures of apo A3B-CTD and A3A-DNA complex (see Methods for details).
The quality of the models was further examined through both computational analysis of triplicate 100 ns MD simulations of A3A and A3B complexes ( Supplementary Table S1 ), and experimental DNA binding assays of inactive A3B variants ( Table 1) . All the MD simulations converged and were stable over the 100 ns trajectory time.
Arg211 is the gatekeeper residue sequestering DNA in the active site
As A3B-CTD has a unique 210 RRR 212 patch in loop 1 instead of 28 RH 29 compared to A3A, and either Arg211 or Arg212 could be the gatekeeper for DNA binding. To identify the critical residue, we generated DNA-bound models with either Arg211 or Arg212 latching DNA in the active site and performed and analysed triplicate 100 ns MD simulations. The Arg212 model DNA complex was much less stable during the MD simulations compared to either A3A or Arg211 model as indicated by the considerable larger RMSFs especially at the two termini of bound DNA (Figure 5A) . In both A3A structure and Arg211 model, Glu255 consistently interacted with substrate cytidine 98.94% and 96.29% of the simulation time, respectively ( Figure 5B) . However in the Arg212 model, the contact frequency was decreased to only 60.21%, which suggests poor quality of the model. Thus the stability over MD simulations indicated that Arg211 rather than Arg212 is the gatekeeper for DNA binding in A3B.
To further verify our results from computational analysis, we experimentally generated A3B R210A, R210K, R211A, R211H, R212A and R212H inactive mutants and tested DNA binding using fluorescence anisotropy-based binding assay ( Table 1) . Both R210A and R210K mutants were able to bind DNA but with decreased binding affinity, which is in agreement with Arg210's role in stabilizing overall structure through the conserved hydrogen bond network. R212A and R212H variants bound to DNA with same affinity as wild type A3B, which confirmed that Arg212 is not the gatekeeper for DNA binding. In contrast, R211A and R212A mutants lost binding completely for both ssDNA and hairpin DNA. Recent A3B activity studies have also shown that R211A mutant lost deamination activity (42). Thus experimental binding assay data were in agreement with our model and finding that Arg211 is the critical residue for DNA binding.
ssDNA binding to A3B-CTD
The DNA-bound model of A3B-CTD revealed the molecular mechanism as well as the role of loop 1 for DNA binding to A3B. Overall, ssDNA bound to A3B-CTD in a U-shape similar to A3A (Figure 6A) . Loop 1 underwent major conformational changes to open up the active site for DNA binding (Figure 6B) , especially at Arg211 which stacks against Tyr315 in the closed active site conformation. In addition, the side chain of Tyr315 rotated from ~180° to ~60° as in A3A to accommodate DNA binding ( Figure 6B) . In general, our model overlaid well with A3B chimera DNA co-crystal structure, but also provided additional information for loop 1 in DNA binding (Figure 6C) . The loops around the active site, loop 1, 3 and 7, have extensive vdW interactions with ssDNA ( Figure 6D and E 
D314 defines substrate specificity for thymidine over cytidine at -1 position
In A3A, the substrate specificity for thymidine over cytidine at -1 position is determined through hydrogen bond interactions with Asp132 (46). In our A3B-DNA model, we observed the same hydrogen bonding pattern between -1 T base and Asp314 as in A3A (Figure 7D and Supplementary Figure S5A) .
Specifically, O2 atom of -1 T formed a direct hydrogen bond with Asp314 backbone, while OD1 and OD2 atoms of Asp314 had both direct and water-mediated hydrogen bonding with N3 and O4 of -1 T base. All these hydrogen bond interactions were stable during MD simulations (Supplementary Figure S5B) . In contrast, when thymidine was changed to a cytidine, the side chain hydrogen bond interactions between Asp314 and -1 T were disrupted. As a result, DNA containing -1 C was more dynamic in the active site and sampled alternate conformations ( Supplementary Figure S5C and D) . Similarly, in the Arg212 model, which we deduced to be poor based on dynamics above, Asp314 had diverse and unstable hydrogen bond interactions with -1 T (Supplementary Figure S4A and B) . These findings suggest that A3B likely uses the same molecular mechanism to determine the substrate specificity as A3A at -1 position since Asp314 is conserved and the DNA interactions maintained between the two A3s.
DISCUSSION
A3 proteins have the same overall fold, with highly conserved active sites and yet neither the available structures nor the amino acid sequences offer obvious insights into why they have highly varying catalytic activity, from totally inactive pseudo-catalytic NTDs to the highly active A3A. Instead the seemingly minor diversity in the loops 1, 3 and 7 around the active site are responsible for regulating A3 activity and function in innate immunity and cancer development. This study identified the molecular mechanism by which A3B structurally downregulates deamination activity compared to other A3s, especially the highly homologous A3A.
In this study, we revealed the critical role of loop 1 in regulating A3B activity and DNA binding. The 206 PLV 208 insertion in loop 1 causes a closed active site conformation, which blocks DNA binding and thus substrate deamination. Our results suggest that the length and sequence differences in loop 1, which were missing in the DNA-bound A3B crystal structure (47), are key in regulating activity of Z1 domain A3s (Figure 8) . A short loop 1, as in A3A or A3B-CTD-ΔPLV, results in high catalytic activity. A longer loop 1 with proline, which stabilizes the overall loop 1 conformation in A3G-CTD, results in medium activity.
Finally, having the auto-inhibited conformation and a longer loop 1 which forms molecular interactions with loop 7 in A3B-CTD further restricts deamination activity. In contrast to all the other A3s, in A3B the conserved Arg311 participates in a distinct hydrogen bond network involving the PLV insertion, and There are still several A3 domains with structures not determined, let alone two-domain constructs of A3s. The low solubility and DNA affinity of certain A3 proteins have required introducing mutations to be able to structurally and biochemically characterize these proteins in vitro (25) (26) (27) (29) (30) (31) 38, 42, (45) (46) (47) , or altogether prevented such characterization especially for NTDs. For instance, wild type A3B-CTD has poor solubility and low binding affinity towards DNA, which makes crystalizing native A3B-DNA complex extremely challenging. The available DNA-bound structure was that of an A3B chimera engineered to increase affinity and promote crystallization. While this structure did not inform on the role of loop 1 in DNA binding, the apo structure of A3B with the native loop1 and A3A-DNA structures enabled computational modelling of wild type A3B bound to substrate DNA. Future studies focusing on the active site loops around A3 family members will elucidate the differences between the catalytically active and pseudo-catalytic A3 domains. Similarly, combining experimental structures with computational modelling, verified by simulations and experimental mutational analysis, can provide insights into the function and DNA binding of other A3s
Designing inhibitors or activators for A3s has proven to be extremely challenging. Our results provide opportunities for drug design to specifically target A3B and thus benefit cancer therapeutics. Small molecules that stabilize the unique auto-inhibited mode of A3B might be able to allosterically inhibit A3B
without cross-reacting with other A3s. Besides, the residue-specific information on regulation of autoinhibition and closed active site conformation provides the starting point for engineering A3s domains to achieve varying catalytic efficiencies or distinct substrate specificity.
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